We present here an improved protocol for expansion microscopy, which increases the expansion factor of the gel from ~4x to ~10x. This protocol, which we termed X10 microscopy, achieves a resolution of 25-30 nm, and offers multi-colour imaging, using offthe-shelf reagents and conventional epifluorescence microscopes. This enables a level of imaging detail approaching that of much more challenging methods, such as STED, STORM and iExM, in both cell cultures and tissues.
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Expansion microscopy (ExM) is a recently introduced imaging technique that achieves superresolution through physically expanding the specimen by ~4x, after embedding into a swellable gel [1] [2] [3] [4] . The resolution attained is, correspondingly, approximately 4-fold better than what the diffraction limit imposes on non-expanded samples, or ~70 nm when using conventional epifluorescence microscopes. This is a major improvement over conventional microscopy, but still lags behind modern STED or STORM setups, whose resolution can reach 20-30 nm. We addressed this issue here by introducing an improved gel recipe that enables an expansion factor of 10x, or more, in each dimension, which corresponds to an expansion of the sample volume by more than 1000-fold. This technique, which we termed X10 (incorporating the increased expansion factor in the acronym), thus achieves a resolution of up to ~25 nm on conventional epifluorescence microscopes.
We adapted a superabsorbent hydrogel designed for excellent mechanical sturdiness 5 for the expansion of biological samples. This gel uses N,N-dimethyl-acrylamide (DMAA) for generating polymer chains, which are crosslinked with sodium acrylate (SA) to produce a swellable gel matrix (Fig. 1a ). The gelation reaction is catalysed by potassium persulfate (KPS) and tetramethyl-ethylene-diamine (TEMED; Supplementary Fig. 1 ), and produces a gel that can expand >10x in each dimension when placed in distilled water. The expansion factor is scalable, and depends on the ratio of DMAA to SA 5 . The maximum expansion factor we achieved was 11.5x ( Fig. 1b ,e; Online Methods), which results in images with an apparent lateral resolution of ~25-30 nm ( Fig. 1c,d ,h; resolution predicted from Abbe's resolution limit), in which substantially more details are revealed (Fig. 1f ).
The resulting technique is fully compatible with the use of common affinity probes, such as antibodies ( Fig. 1b,c) , since X10, similar to the latest updates on "classical" 4x ExM 2,6 , requires no specially designed labelling tools. The distortions of the sample introduced by the gel during swelling are minimal ( Fig. 1d ,g), comparable to those previously described in 4x ExM 1,2,6 . We would like to point out, however, that the use of the established 4x protocols with the X10 gel recipe may result in significant damage to the sample, through incomplete polymerization or insufficient digestion. The precise implementation of the protocol we have optimized should avoid these artefacts ( Supplementary Fig. 2 ; Online Methods). We would like to note that X10 once more highlights the need for new probes for super-resolution imaging, as conventional off-the-shelf antibodies usually do not result in a continuous staining of microtubules, but a pearls-on-a-string pattern ( Fig. 1c,d ). This artefact, which is due to incomplete epitope coverage through conventional antibodies 7, 8 , is not specific to expansion microscopy, as it can be observed also in other super-resolution techniques, such as STED 7, [9] [10] [11] [12] and STORM [13] [14] [15] [16] 11 (Supplementary Fig. 3 ).
To verify the resolution of X10 experimentally, we relied on investigating peroxisomes, which are spherical organelles of relatively constant size (~100-200 nm in neurons). We immunostained Pmp70, a protein of the peroxisomes membrane ( Fig. 2 ), and we compared pre-expansion images with post-expansion images as well as with STED and STORM images ( Fig. 2a ; see Supplementary Fig. 4 for a more detailed comparison). To obtain the nominal resolution of X10, we drew line scans through the membranes of the post-expansion peroxisomes, fitted them to Gaussian curves, and determined their full width at half maximum values (FWHM; Fig. 2b ). The resolution we experimentally determined in this fashion fits the theoretical prediction from Abbe's resolution limit that we have stated above, being centred at 25.2 ± 0.2 nm ( Fig. 2c ). We also simulated peroxisomes stained for Pmp70, taking into account the size and random orientation of the primary/secondary antibody complexs ( Supplementary Fig. 5 ; see Online Methods for details), and found that the measured resolution value fits closely to the one predicted by the simulations (23.8 nm, on 10,000 simulated peroxisomes). This level of resolution is usually only achieved in highly specialized applications of STED and STORM microscopy 17, 18 , and is bettered substantially only by a recently developed tool, MINFLUX microscopy 19 . In state-of-the-art commercial STED and STORM setups, the resolution achieved is, at best, comparable to that of X10 ( Fig. 2a ; Supplementary Fig. 4 ). We used this model to determine if we could, theoretically, resolve the lumen of microtubules, but found that this is beyond the limits of X10 at the moment ( Supplementary   Fig. 5a ). Simulations indicated that this is due to problems in the placement of antibodies across the expanded microtubule. Their large size effectively limits resolution, and prevents the measurement of a clear lumen. To observe this lumen, one would require an expansion factor of 15x or more, as recently achieved with iterative ExM (iExM) 20 , which we will further discuss below. At the same time, this implies that the ~25 nm resolution is possibly the maximum useful resolution that can be achieved in expansion microscopy when using conventional primary/secondary antibody complexes -the probe size and fluorophore/target distance become the limiting factor, rather than the expansion factor 20, 21 (also see Supplementary Fig. 5 ). This problem has been noted for super-resolution imaging in the past 8 , but must receive additional attention in view of the ease with which expansion microscopy reaches this limit.
The X10 procedure can be used to achieve multi-colour super-resolution imaging. We could easily resolve, for example, synaptic vesicles in cultured hippocampal neurons, along with the presynaptic active zones and the postsynaptic densities ( Fig. 3a,b) . These structures were detected by conventional primary antibodies, which were revealed by secondary antibodies conjugated to three different fluorophores. This enabled us to measure the distance between the presynaptic active zone, identified by Bassoon, and the postsynaptic density, identified by Homer 1 (Fig. 3b,c) . We found this distance to be ~120-140 nm (Fig.   3d ), which is very similar to what has been previously described for these proteins using STORM microscopy 17, 22 . Moreover, many of the presynaptic active zones (Bassoon stainings) appear to be segmented (Fig. 3b ). The segments typically aligned with clusters of postsynaptic molecules (Homer 1 staining), as indicated by arrowheads in side views of synapses (Fig. 3b ). This phenomenon, which may be important in regulating synaptic function by coordinating the positioning of pre-and postsynaptic elements, has been described only recently with advanced STORM microscopy 23 . The lateral organization of these molecules may be even more complex, as revealed by face views of the synapses (see one example, as a z-stack, in Fig. 3c ). These findings are again similar to previously described STORM results 17 . This type of information could not be obtained with either conventional microscopy or with classical 4x ExM ( Supplementary Fig. 6 ). Overall, such examples demonstrate that X10 microscopy can reproduce results that were previously obtained only with highly specialized imaging tools. This also demonstrates that possible distortions at the nanometre level, where X10 should be most useful, seem to be so minimal that they do not become apparent in a comparison to other established super-resolution techniques. In addition, the ease with which multiple colours can be investigated in X10 is an advantage over previous localization microscopy methods, which have been typically limited to two colour channels in practice.
Other organelles, such as mitochondria, can be similarly investigated ( Supplementary Figs.   7,8 ). Importantly, X10 microscopy can also be applied to thin tissue slices, where it provides the same resolution enhancement ( Supplementary Fig. 9 ). For simplicity, we analysed the same markers as in Fig. 2 , and we observed the same overall increase in image quality ( Supplementary Fig. 9c ). X10 microscopy lags slightly behind in resolution compared to one other recently published advancement of ExM, namely iterative expansion microscopy (iExM) 20 . In iExM, the classical 4x gel is applied to the same sample multiple times in sequence, to achieve a multiplication of the expansion factors of the individual gels. This approach yields an expansion factor of up to ~20x, with two iterations, which is sufficient to resolve the lumen of microtubules; something which is currently just beyond the reach of X10 (see Supplementary Fig. 5 ).
However, iExM is much more variable in its expansion factor than X10, as the multiplication of two classical 4x ExM gels also results in a multiplication of the variability in their individual expansion factors, which usually spans from 3.5x to 4.5x [1] [2] [3] [4] 20 . At the same time, the iterative protocol of iExM requires additional time and effort to break the first gel and make the second gel, and is not compatible with the use of conventional off-the-shelf antibodies, but requires custom-made DNA-oligo coupled antibodies 20 . This makes iExM more laborious, more expensive, and more time consuming than X10. That said, it may be possible in the future to combine the X10 gel with the iExM principle to achieve lateral expansion factors of up to 100x.
X10 thus provides a toolset for a cheap (less than 2$ for all reagents used in one experiment, except antibodies) and easy to use (no special machinery or custom antibodies required), multi-colour super resolution imaging, which can be performed on widely available epifluorescence setups. The resolution achieved rivals that of other nanoscopy techniques, which are currently not in universal distribution due to their specialized equipment requirements, high implementation and maintenance costs, and demand for specially trained personnel. At the same time, the resolution attained with X10 is on the order of the probe sizes ( Supplementary Fig. 5 ), which renders it sufficient for super-resolution imaging within the limits imposed by the current imaging probe toolbox. Due to all of these arguments, X10 may facilitate a wider spread of super-resolution imaging than is currently possible. At the same time, the fact that this technique can only be applied to fixed samples remains a fundamental limitation, which cannot be overcome.
Combining X10 with physics-based super-resolution, and especially with a coordinatetargeted approach such as STED 24 , which can be applied rapidly and efficiently to large imaging volumes, would provide an ultimate resolution equal to the size of the fluorophores.
This should enable the investigation of molecular assemblies or molecule orientation more efficiently than virtually any other current tools, especially if probes smaller than antibodies are employed 7, 8, 15 . Acryloyl-X anchoring ( Supplementary Fig. 1b ), as previously (d) Line scans through presynaptic active zones and through the corresponding postsynaptic densities reveal the distance between the two. The image inset shows three example line scans, and identifies them by number (green is Bassoon, magenta is Homer 1). The inset on the right quantifies the range of observed distances (n = 38 active zones and corresponding postsynaptic densities; mean ± SEM are 127 ± 7.1, indicated by the black lines).
